Alumina nanoparticle/polymer nanocomposite dielectric for flexible amorphous indium-gallium-zinc oxide thin film transistors on plastic substrate with superior stability (Received 5 June 2014; accepted 13 July 2014; published online 24 July 2014)
In this study, the Al 2 O 3 nanoparticles were incorporated into polymer as a nono-composite dielectric for used in a flexible amorphous Indium-Gallium-Zinc Oxide (a-IGZO) thin-film transistor (TFT) on a polyethylene naphthalate substrate by solution process. The process temperature was well below 100 C. The a-IGZO TFT exhibit a mobility of 5.13 cm 2 /V s on the flexible substrate. After bending at a radius of 4 mm (strain ¼ 1.56%) for more than 100 times, the performance of this a-IGZO TFT was nearly unchanged. In addition, the electrical characteristics are less altered after positive gate bias stress at 10 V for 1500 s. Thus, this technology is suitable for use in flexible displays. Amorphous indium-gallium-zinc oxide thin film transistors (a-IGZO TFTs) have been extensively investigated in recent years. 1, 2 Compared with other materials, a-IGZO TFTs yield high mobility, exhibit uniform material structures, and are compatible with contemporary large area manufacturing processes; thus, these TFTs are suitable for flexible displays on light-weight plastic substrates. For TFT on flexible substrate, the mobility as high as 24.26 cm 2 /V s, with 9 orders of magnitude current on-off ratio has been demonstrated on PEN substrate utilize inorganic gate dielectric (AlO x ). 3 The flexible a-IGZO TFT organic light-emitting diode (OLED) display has also been demonstrated on PEN substrate. 4 To achieve both high performance and high flexibility, a-IGZO TFTs are typically fabricated at high temperatures on plastic substrates having high glass transition temperature (T g ), such as polyimide, at substrate thicknesses less than 50 lm. 5, 7 Thin substrates enable a-IGZO TFTs to be bent at a radius less than 5 mm, yielding a highest strain more than 1%. 6 However, real displays do not only comprise substrate; for example, the encapsulation layer and display material such as OLEDs must be included. After adding OLEDs and encapsulation layers, high strain levels could possible limit the flexibility. 8 An a-IGZO TFT comprising a polymer gate dielectric was suggested as alternative method than inorganic dielectric for TFTs to sustain high strain. 9 The Young's modulus for polymer material is around 1 GPa, whereas it is higher than 100 GPa for oxide-based inorganic semiconductors. This large difference cause the deformation of materials that occurs at high strain levels primarily on the polymer, leaving the properties of the a-IGZO layer less altered after bending at high strain (1.5%). Although a-IGZO TFTs that comprise polymer dielectrics can be bent at high strain levels without degrading the performance, the polymer is a soft material; thus, the plasma involved in a-IGZO deposition may damage polymer, either inside the film or on the surfaces, causing low mobility. Recently, the high dielectric constant nanoparticle (NP) incorporated polymer, named nanocomposite polymer, was demonstrated to have good flexibility as a gate dielectric for organic TFTs. 10 However, the robustness of this nanocomposite dielectric was not studied by stress under high electrical field. In this study, AlO x NPs were incorporated in a polymer as a nanocomposite gate dielectric for an a-IGZO TFT. The performance of this a-IGZO TFT was evaluated by the current-voltage characteristics, bending test and positive-bias stress test. Figure 1 (a) shows a schematic diagram of the a-IGZO TFT on a 125-lm-thick polyethylene naphthalate (PEN) substrate, using a polymer nanocomposite as a gate dielectric. A 400-nm-thick cross-linked polymer layer was coated on the PEN as a smoothing layer prior to fabricating the TFT. Silver (Ag) gate material was deposited on the PEN through a pre-patterned metal foil (shadow mask) by thermal evaporation in 50-nm-thick. The polymer solution consisting of poly (4-vinylphenol) (PVP) and poly (melamine-co-formaldehyde) (PMF) at a ratio of 2:1 dissolved in n-butanol was used for gate dielectric. This polymer was also used as a smoothing layer. Regarding the nanocomposite polymer, aluminum oxide (Al 2 O 3 ) NPs were added to the PVP/PMF precursor at a concentration from 0.25 to 1.0 wt. % in solution. The Al 2 O 3 NPs (sizes < 50 nm) were purchased from SigmaAldrich. To prepare the 0.25 wt. % precursor, 2 g of PVP and 1 g of PMF were first dissolved in the 40 g of n-butanol. Then 5 g of solution was drawing out. The 12.5 mg of Al 2 O 3 was add into this solution to form 0.25 wt. % precursor. After being stirred overnight, the solution was spin-coated onto the silver gate at 1000 rpm for 60 s. The polymer layer was subsequently dried on a hot plate at 100 C for 10 min and cross-linked in a nitrogen environment by using ultraviolet (254 nm) light illumination for 60 min. The thickness of the nanocomposite polymer (Al 2 O 3 ¼ 0.25 wt. %) was approximately 286.9 nm as determined using scanning electron microscopy. In contrast, the thickness of polymer without Al 2 O 3 NPs is 249.4 nm. After fabricating nanocomposite gate dielectric, a 60-nm-thick a-IGZO layer was deposited through a shadow mask by using radio frequency (RF, 13.56 MHz) magnetron sputtering at room temperature in an Ar environment. The RF power was 20 W and the working pressure was 5 mTorr. The InGaZnO4 (1:1:1:4) target was purchased from Mitsui Co. Finally, Aluminum (Al) was used to fabricate the source/drain electrode. The source/drain was deposited at a thickness of 40 nm by using an associated shadow mask by a thermal evaporator. The channel length (L) and channel width (W) of the fabricated a-IGZO TFTs were 100 lm and 500 lm, respectively. The device characteristics of the a-IGZO TFTs were measured using an Agilent 2912A semiconductor parameter analyzer in a dark environment on a probe station.
To measure the leakage current and capacitance of the nanocomposite polymer, a metal-insulator-metal structure was fabricated using 100-nm-thick Al metal. Fig. 1(b) , respectively, at 10 V. The leakage current density of 0.25 wt. % of Al 2 O 3 is in the same order of magnitude to pure PVP polymers; thus, polymer nanocomposites with low Al 2 O 3 concentration are likely suitable for application in TFTs. Fig. 1(c) Figs. 2(a) and 2(b) , respectively. Both surfaces are smooth according to SEM images. In Fig. 2(b) , the aggregation of Al 2 O 3 NPs was not found. Since the interface of a-IGZO/ dielectric is very important to the current-voltage characteristics of a TFT, the surface topography was explored by atomic force microscopy (AFM). The AFM images were depicted in Figs. 2(c) and 2(d) for PVP polymer and PVP/ Al 2 O 3 NPs nanocomposite layer, respectively. The PVP surface is extremely smooth. A root-mean-square (RMS) roughness of 0.274 nm was obtained. In contrast, the nanocomposite layer is not so smooth. The RMS roughness is 3.51 nm. Some protrusions were found. However, the protrusion covers very small area. This indicates the aggregations of Al 2 O 3 NPs in some area. This is reasonable since the solid content of Al 2 O 3 NPs probably as high as 43%. Such a small-area protrusion may not affect the TFT characteristics since the current could flow around this region. This argument could be clarified by the current-voltage characteristics of a-IGZO TFT. Figure 3 NPs potentially resulted because the nanocomposite layer is sufficiently robust to resist plasma damage during a-IGZO sputtering. The quality of the a-IGZO layer and the a-IGZO/gate dielectric interface are enhanced. To investigate its bending ability, the PEN substrate was manually roped on a ball pen with a tensile strain perpendicular to the channel for more than 100 times. Along this direction, the a-IGZO TFT is most likely to be damaged after bending. 11 The bending radius was 4 mm. The strain (r) of the a-IGZO TFT on the PEN substrate (1.56%) was calculated by the following equation:
in which D is the total thickness (film and substrate) and the R is the bending radius. Fig. 4(a) shows the transfer characteristics of the a-IGZO TFT with either PVP or nanocomposite layer as dielectric exposed to various rope times. The transfer characteristics are only slightly altered after being fastened to the ball pen and released 100 times for a-IGZO TFT with nanocomposite layer. The IV curve shifted for a-IGZO TFT with polymer dielectric after bending. Figs. 4(b) and 4(c) show the extracted threshold voltage (V th ) and SS, respectively, for four a-IGZO TFTs comprise a nanocomposite dielectric. The V th are slightly enhanced after 80 times of bending. This might be due to the re-distribution of nanoparticles after bending. The SS are kept in a small range for all devices after bending. As previously mentioned, this is due to material deformation, which primarily occurs on polymer nanocomposites under strain. This indicates the interface of a-IGZO/nanocomposite interface was almost unaltered. In contrast, the Vth and S.S. shifted clearly after bending. This could be explained by the chemistry property of PVP. The PVP was cross-linked by UV light illumination at low temperature. Some hydroxyl groups may exist in the polymer. These hydroxyl groups are unstable and containing charges. After bending, those charges may re-distribute. The re-distribution will cause the shift of the Vth and S.S. Table II compares the flexibility of this work to the references. Although the bending radius is not the smallest for this work, the strain is high at low process temperature. Thus, this robust a-IGZO TFT that employs nanocomposite polymer is suitable for use in flexible displays and electronics.
To evaluate the reliability, positive-gate-voltage stress at 8 V and 10 V was applied to a-IGZO TFT for 1500 s. 12, 13 In general, the threshold voltage will shift positively because of the electron trapping in the a-IGZO channel with less subthreshold swing changed. Therefore, the negatively shift V th , must have additional mechanism other than electron trapping. The possible mechanism is the electron induced gate dielectric damage under high field. The high energy electron may break bonds of polymer that create positively charged states. These positive charges will cause V th shift negatively. In addition to the gate dielectric, the a-IGZO/polymer interfaces also damaged. With Al 2 O 3 nanoparticles incorporation, the damage was suppressed. As we mentioned above, the volume fraction of Al 2 O 3 is estimated to 43%. This indicates most of PVP was surrounded by the robust Al 2 O 3 NPs that alleviate the high energy carrier damage.
In summary, we have demonstrated high mobility a-IGZO TFT with polymer-nanoparticle composite gate dielectric on PEN. The mobility as high as 5.13 cm 2 /V s was achieved. After rope the a-IGZO TFT for 100 times (4 mm radius, strain ¼ 1.56%), the electrical characteristics are almost unchanged. With nanocomposite gate dielectric, the threshold voltage and subthreshold swing are less altered under positive gate voltage stress at 10 V after 1500 s. Such a-IGZO TFT has high potential as the addressing device in a flexible display. 
